LA-UR -83-3042

co,/,cx g3/01S -~ 11

Los Alamos Nanonal Laboratory 1 Operated by the Unverstty of Calforna for the Unied States Department of Energy under contract W.7403-ENG-38

TITLE:

AUTHOR(S):

SUBMITTED TO.

NANOSECOND IMAGE-SHUTTERING STUDIES AT LOS ALAMOS
NATIONAL LABORATORY

LA=UR==£3=3042

G. J. Yates, P-15 DEGA 001733

N. S. King, P-15

S. A. Jaramillo, P-15

B. H- Noel. “-10

P. L. Gobby, MST-6

I. Aeby, EG&G, Santa Barbara

J. L. Detch, EG&G, Santa Barbara

IEEE 1983 Nuclear Science Symp.
San Francisco, CA
October 19-21, 1983

DISCLAIMER

This report was prepared as an accoust of worl: sponsored by aa ageacy of the United Sistes
Governmemt. Naither the United States Goverameat sor any agency thereof, sor any of their
employess, makes any warranty, enpress or implied. or aasumes any legal Hability or responsl.
bility for the acouracy, completeness, or usefuinem of any informatior. apparstus, product, or
proooss discioaed. or represents that Ha use would not infrings privately owsed rights. Refar-
oa0e hereia to any specific commercial product, process, or servics by trade same, trademark,
manufacturer, or otherwiss doms nol necemsarily constitute or imply its eadorsemest, recom-
mendation, or fevoring by the United States Government or aay agency thereol. The views
aad opinicas of suthors expressed herein do soi pecessarily state or reflect thase of the
Unlted States Government or any ageacy thereof.

By acceptance of 1hip aricle. the publisher recognizes that the U 8 Governmant relains s nonaaciysive, royalty:hiee kconse io Publish or reproduce
the published form of Ihis coninbulion, or o stiow others 10 do 80, tor U B Government puwposes

Tha Los Alamos Natonal Laboratory requests thal the publisher identily 1M arhcle as work periormed under the avspced of ive U § Depariment of Energy

DISTRMTION OF THIS DOCUMINI IS UNLIMHED

}

¢
L | Nati
LS AlamOS Lesaiaros NatioraiLaborate


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


RANOSECOND TMAGE-SRUTTERING STUDIES AT LOS ALAMDS PATIORAL LABORATORY

G.J. Yates, ¥.S.P.

King, S.A. Jaramillo, B.W. Moel, P.L. Gobby

Physice Divieion, University of Califarnia, Los Alamos National Laboratory
Group P-15, Mail Stop D&06, P.O. Box 1663, Los Alamos, New Maxlico 875:5

I. Aeby and J.L. Darch
EGé:, Inc. Santa Barbara Oparations

130 Robin Hil] Rcad, P.0O. Box 98, Golata, California

Abstract-Exparimantal rasulte comparing gated imagirg
casabilities of proximity-focused microchannel-place
intensifiaers and electrostatically-focused silicon-~
intensifi{ed-target vidicons are presented. A briaf
summary of previous response data obtained from several
standard end modified versions of both image sensors
and current efforte on (1) sector gating of esegmanted
photocathodes (2) pre-pulsing of photocathodes with
infrared 1light to increase conductivity and (3) gate
pu.lse injection techniques are discuseed. Saegmentad
photocathodes increased gating speed by simultaneous
turn-on of individual sactore vhareas preliminary
analyees indicate no {mprovements from infrared
illumination.

I. Introduction

raperiments hava been conducted that identify the
imaging capabilities of two different types of nano-
second-to-subnanosecond oprical shutter tubas used for
recording time resclved tvo dimensional images. We
reported (1] typical temporal eluttering sequances,
gacing epeads, optical and electricsl gate-width
correlations, gain, dynamic ranges, shuttering
efficiencies, and resolution for conventional and
wodified ITT Palll proximity-focused microchannel-plate
inceneifier tubes (M_PTs). These data vere comparad
later [(2,)] wit'i similar data obtained for ITT Pall2
MCPTe and for GE-17821GC electrostatically-focused
silicon-irtensified target vidicons (8ITVe) recently
developed jointly by General Klectric and Los Alamos
National Laboratory.

Thie paper triefly deecribes fast shutter design
critaria, then sumsarises our Wajor experimental obser-
vatione with updated measurementes of dynamic ehuttaei
rati. and reciprocity for the ITT and GE unite ae well
ae for Varo 3772-310 type II MCPTe. We also raporc
current research on (1) cector gating of segmented

_photocathodes to i1nc.ease gating epeed by effectively
reducing the photo surface area (2) priming of the
photocathode with puleed infrared illumination co
reduce registivity by dynamically-induced conductivity
during gate time and ()) gate driving techniques tin-
cluding multipoint driving and impedance matching
betwean pulse generator and shutter gates.

I1. Fast Jhutter Deasign Criteria

Phyeical parematevrs crucial to gating epeed include
the photocathode-to~gate grid spacing for 8ITVe (or
the photocathode-to—MCP input espacing for MCPTe) and
the photocathode and adjacent surface restat’‘vities.
These contr>rl the effective capacitancea and resistance
of the gate intetface.

Ve have studfed [)-3] the gating properties of such
interfaces using a mcdel wvhich examines the gate
voltage propagation (across the interfacs) problem as
< distributed RC metwork with wvave propagation charac:
tarietice eimilar to thosea of a radial transsission
line, This theory predicts gating speeds and shut-
tering patterns vhich are in good agreement w' h our
experimental data (1-)) for propagation welocities

93017

2107 the speed of light. In this time range (ga:e
timae of the urder of 3C0 to 4"Ops or 1 find
the turn on cime 1, (for peak gate vollzge amplitude

to appear at rhe pc ce.ter}) to be predicted [&] by

locll
i

T =

whare l.0 ie the combined sheet resistance of the two

gate interface surfaces, C1 is che capacitance per unit

a

“'leh:fﬁlc'[t.\'. v':.lt.d::f:;f cro'r ‘ﬁnt. l‘h.utptc.r. n;.\:y provi-
ding a lower gate-interface capscitance than that ob-
tainable from eimilar sized MCPTe. The electrostaric-
focused design permits locating the gate grid at great-
er distancees (25 to 75 mils 1in the 7821G) from the
photocathode than typical photocathode-to-microchannel
plate spacings (from ? to 10 mils 1in che F4lll and
F4ll2) required for proximity focusing of MCPTs. The
lumped gate capacitance for 235 sm diamater photocathode
SITVe wvith 30-mil gate gape 1e - 1.3 pf. Por 18 and
25 sm dismeter MCPTs this capacitance is about 10 and
19 pf respectively. This does not include the addi-
cional perimeter capacitance existing in both desifns
because that capacitence only affects the reaction time
from application of the gate voltage to start of the
optical gate.

Both tube types uese electrically coonductive and op-

tically transparent subetrates to effectively lower the

high resist:nce (- 1010 to 1011 {i/equare) of the 8-20
photocathod,s. The thin film subs.rates used 1n the
present daerigns are nichel for 8ITVe and chromium for
MCPTe. Me.surement of optical transmiseion v shaet
resistance for nickel were made at GE by simultanscus
evaporation of the nickel on a one square inch eample
plete and on the B8ITV fiber optic faceplate prior to
formation of ite photocathode. Similar measurements
were made at ITT during photocathode formation by in
situ monitoring of trensmise‘.n and shect resistance of
a sample photocathode processed concurrently with the
photocathode to be ussd on the MCPT. The test resulte
ste in Table I. Our nichel data are in good agreement
(wvithin 2%) with measurements made at EG&C (8] but our
chromium data are only in fair agressent (within 10%)
and are being repeated with be.:er control of the
radii{ of cthe two circles used in calculating the sheet
resi~tance of the annulus contaiaing the teet photo-
cathode substrata.

TADLA 1. 1 “tecatheds swbetTele propaviies




For 18 mm diameter MCPTa R_ =~ 103 l'

- 14
4x10 L P/om, a = 254 um2 vhich gives T = 3.24 ns. For

the 23 v diameter MCPTs with a = 491 mmz. T ¥ 6.25 nAa.

However, for 25-mm-diameter SITVs RO > 100§i/aquare, Cl'
=15 2 2
T 7x10 "F/mm ,and a = 491 mm which gives an unrea-
listically small value of 109 ps for T. We are review-
ing possible modificationa to our radial model to make
it applicable for propazacion velocities approaching
the speed of light. We are also analysing the gate
tnterface {3] by treacing it as a high frequency wave-
guide.

Our equation for T shows that the propagation time
of the gate pulse ism directly proportional tc the ares
it must traversa. The photocathode area, however, must
remain as large as possible to provide adequate input
area for imaging. Two attractive possibilities for re-
ducing area were considered. Omne idea was to div.de
the area into four quadrants with insulating strips to
provide emaller areas and also independent gating of
individual segments. Prelininary designs for such a
SITV have been completed but none have been builr be-
cause of anticipated manufacturing complexities. Thae
second approach considerad was to form the quadrants
wvith & conductive cross. Several SITVs and MCPTs have
been fabricated in this manner.

To pradict the gate response of such tubes a diffu-
sion wave equiation was developed in generalized coor-
dinates and a%p.ied to the problem of sector-gated
MCPTe with cylindrical geometry. An open form solution
in terms of Baessal functions has been found. We expact
to apply the same theory using apharical coordinates to
sactor-gated SITVe with the resulting soluction appear-
ing as a eumnation over a set of spherical harmoni-
functions. A report describing these calculations and
pradicted gatirg characrterisctics (s in progress.

{l/equare, C

III. Summary of Comparative Responses

Neithar tube type has suparior performance in all
areas inves-igated. The MCPTs have superior sensitivi-
ty, gain, and shuttering efficiency. The SITVs hsve
superior oprical gating speed, resolution, and for
rimes shortar than  5nm, they exhibit boctaer correla-
t{-n betwean elactrical and optical gate widths. .he
dynamic range is determined by the vidicon which per-
forms the resd-out function (as an integral parc of the
SITV and fiber-optically coupled to the MCPT) for both.

All MCPTe moasured show the familiar "irig” turn-on
behavior vhere the parimeter transmits first as the
gate voltage propagates radially inward. Turn-off for
MCPTe can scart either from the parimeter inward, the
centar outward, or both. No iris behavior has been ob-
served for SITVa with nickael substrates, a'though it
wvas noted on unitg with strajight $-20 photocathodes.
Turn~on shows nearly uniform initiation of transmisslon
with increased gate time giving increased signal asso-

clated vith the Gaussian gate voltage. Several shutter
sequences arc shown in Fig. 1. Typical gate times,
resolutiont and shutter ratios are found in Table II.

IV. Raeciprocity and Resolution ve Light Pulse Widch

(a) Resolution The primary use of gated tubes ia to
provide an optical shutter for = 1.5 to 5ns. The inci-
dent flux can have variable widcth from = 200pe to
greater than or equal to the optical gate widcth. Ba-
cause of this uncartainty, and because our calculations
on deflection defocusing for SITVs [3] incicace that
image focum varies with charge density in che SIT, we
measured resclution as a funccrion only of inpuc light
pulse width in the range from 150 ps to 2.5ns.

The system used is shown in Fig. 2. The 20ps laser
pulsa 1s fed to three different lengths of step-index
fibar for control of pulse dispersion tc generate
widths of = 150ps, 1l.2ns, and 2.5ns. As the pulse pro-
pagates, modal dispersion causer temporal broadening
proportional to fiber length. To distinguish effects
due to factors othar than electron space charge at the
crossover, va maintained conatant energy in the input
light. PFor this reason, when pulse width is incraeased,
pulse incensity is reduced propsrtionately dy use of
N.D. filrers. The pulse widch measurements vere made
vith the photo diode and the average power was meas-
ured victh the radiometer. The peak power and enargy
per pulse wvere calculated. The available energy vas
abouv 1 nJ.

The cone angle of the light emitted from the exit
end of the fiber varied with fiber length. The inten-
sity uniformity also varsed. Shorter lengchs showed
random-moctlad interference modes, while the longest
langth produced a wore nearly uniform spot with con-
centric interference trings. The SITV photocathode was

wae masked so that only the central BO--n2 area wvas il-
luminated. This gave fairly uniform intens(ty discri-
dbucion from all three fibers.

The SITV accelerating voltage, which controls elaec-
tronic gain and electron velocity, was held constant at
tha nominal (half of full gain) 6.5 kV. A variation in
aithar parameter wou'd influence the focus tesc. The
tests were taken with cthe SITV in the non-gated mode.
The 150ps pulse wvas filterad to operare the SITV at 25
of saturation level. The SITV was f{ltered and the
CTF was vaasured. Then, without refocusing, ve in-
cressed the lasar pulse width to 1.2 ne and the CTF
ssasurements vere retaken. These data shown in Fig. 3
revealed no extreme defocusing. Similar measurements
wvere made using a larger area pattern, and the 2.3 ns
l1ght pulma. This was done to illuminate most of the

full <91 umz of the photocathode with sufficient f{nput
intensity to operate near saturation, This provided
the worat-case zondition for stable focus. No desra-
daction vas obmerved.

TABLE LI. Comsaratlive resannasa of MC*Ta end AITVe.
TUBR TTPR OPTICAL vATF TDWA (i§) MSOLUT 108 IRUTTSR MATIY FTRANIC
(1 of do_respense) [T
TVMN 0wt LY o TUW -ore TOTAL 0.3 1s/am | 0.0 ln/em | photens jleetrens
wrt (Yirta—~a) | (Qrie closed) | (Yirro-ett) ~ 100-1000
. for 0u,0, tpt

10 am dimmater 1.0 2 0.3 1-1.3% 0.6 ¢« 0.2 1,040 - a0 o 10 - »10 1)
Swm dtemerer | 17203 | 1330 Les0 XX S 30-100 for

nry (te) (paan) o
10 on dismater 0.1s0.03| 0. -1,0 0.1 & 0.0% 0.4-1,) .13 .0~ % ~ 108 10%- 10*| ~ s0-100
13 = clamster 0.1 0.1 0.7 - 1.0 01s+0." v.9-1.¢

*Yi{dic~n dynamic range is & functi! n of rarget charge and beam aparture. Wa

have wessurad significant increases with large (>l-mil diametaer) apercures.
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Fig. 1. Shutter sequences for MCPT's and SITV's. Zaro is start of optical gata.

(b) Reciprocity: The same se: up was uesed vith a
diaphram {n place of the test pattarn to measura SITV
raciprocity. Wa obtained approximately equal eignals
from rthe three pulses as shown in Table III. The taests
ware repeated for un MCPT using extra fibar lengths to
get mora data pointe. A second photodiode was used to
monitor phosphor intensity. The data are plotted in
Fig. 4. These tests show that in this time range both
tubas are essentially vate ingensitiveo i.e., thelr res-
ponse ic proportional to the total optical energy de-
posited on the photocathode and not to the rate at
which the energy was deposited.

Table IIi. SITV reciprocity Data

Pulee Width (ns)  Power/Pulsc (W)  SITV Sigial (pA)

0.13 7.34 1.
1.2 0.92 1.0
2.3 0.39 0.9

_ Fig. ), BITV {mage focus ve light width. The results
—_— . - are shown I5r 130ps (top) add 1.2 as (bottom), res-
r10an oot nactively. The line scans sre through group 2,

/1 alement 2 (4.3 lp/ma) and group ), element 1 (8 Lp/wm)
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. V. Dynamic Shutter Ratio

The shutter ratios (for SITVs) showm in Tabie II werc
measured by first obtaining a given signal amplitude {n
the gated mode for a known optical intensity. Then the
shutter tube was operated in the non gated mode and the
intensity ettenuated until the same signal amplitude
was obtained. The ratio of the two intensities (cor-
rectead for difference. in gain for the gated and non

_—gated modes) is the shuiter ratio. Racently, for two
MCPTa, a wors rigorous mea.urement vas made which map-
ped the transmission behavior immediately before and
after optical gate terminatfon. The setup for this
expariment is in Fig. 5. A PAR model LN-102 dye laser
excited by a PAR model LN-100 nitrogen laser emits
500ps FWHM puleed light wvhich travels over an optical
path of about 10 meters in air. The dye used was C48l
vith a pask wavelength of 4680 mm.
lens focused the laser beam on the photocathode of an
MCPT. oscattered light from this lens was used to satu-
rata an RCA 8370 photo wultiplier which triggered the
gate pulser through an adjustable cable delay. The
gate pulse (and tharefore the MCPT optical gate) vas
adjustable froa several tens of ns after to stout 2 ns
before the light pulse. First, the delay was adjusted
so chat the light pulse was coincident with the peak of
optical gate and ND filters were inserted in the bean
path until a minimum detectablr signal vas obsarvad.
The delay was then varied, '"walking"” the optical gate
either side of tha light pulse and ND filters were re-
aoved until the minizum detectable signal was again ob-
sarved. In this manner the optical power extinction
vatio of the MCPT was measured at several pointas in
time relative to the peak of the optical gata. The
data for one ITT and one VARO MCPT are plottad fin
Pig. 6. A long fluorescence tail (tens of ns duration

at = 1070 of peak intensity)was assocliated with the

main dye pulse and is shown at the leading edge of the
optical gates. In the standard procedure for charac-
terizing gatinj speed [1-3] only the top two decades of
extinction are obgervable. Based upon that method, op-
tical gate widths of = Jna would be detarmined for
thesa MCPTS. However, for shuttering againet light
wvidths > optical gate widtha, the dynamic shutter ratio
must be fncluded to accurately define the total gate
function.

VI. Sactor Gating

In this design, an electrically conductive cross-hatr
1s deposited on the phorocathode substrate before dapo-
sition of the S-20. The two radial strips are normal
at their intersection in th' «nter of tha photocathode
and their ends are connectea at thea photocathode peri-
mater by a ci{rcular metallic conductive ring. This

A long focal length

produces four pie-shapeu quadrants as showr in Pig. 7.
The strip geometry and opacity is different for both
rubes. The SITV deaign uses 5-mi1]l wide aluminum ox-
ide wtrips of = 120 dc resistance per radial lag with =
502 transmaission. The MCPT design uses 60-mi]l wide
inconel arrips with close to zero transmission (resis-
tance not measured). The low resistance strips, a.
though not designed to impedance match subnanosecond
risetime pulses with the gate interface do provide the
means for rapi_. propagation of gate voltages to the
center of cha photocathode. Because the area of each
quadrant is approximately 1/4 the area of the non-
segmented surface, the gating speed for the total sur-
faca should be incressed "V 4x because all four qua-
drants turn on nearly simultaneously.

Sector-gating 13 best recognized if one seas full
area behavior for non-segmanted units repeatad in each
quadrant for the segmented unit. The shutter sequence
(Fig. 2) for a fully illuminataed cross-hair SITV shows
no irie during turn-on or turn-off. In Fig. 8 we con-
centratad the light in individual quadrants and looked
for irieing neaxr turn-offt by successively re-imaging
the laser. The fact that to iria was observed may be
due to the gate-to-laser jitter, = 50ps for cthe laser-
linac system (7). We estimata that aelectrical gates
~ 230ps are required to see the impulse response with
expacted iris closura times of the order of tans of ps.
These condirions may "blur"” rhe time resolution,

sufficiently tg massk anv iris affecta.
Sector-based irising in cross-hair MCPTS wis observ-

ed as seen in Fig. 1. Photocathode processing for
three Fulll MIPTe vas monitored to assure repeatabilicy
of sheet resistance (or at least knowledge of the abso-
lute values of resistance) for one sagmented unit and
two non-gegmented units, One MCPT had cross-hairs on
the photocathode only, a second had cross-hairs on both
the photocathode and the MCP input surfaces. The nor-
segmented unit, to be used as a "tontrol" saaple to
measure gains in gating speed from segmenting, failed
(couldu't be gated off) sc this test vas inconclusivs.
Analysis of gating speeds for the two segmented units
shov essentially the same total gate times as those for
typlcal non-segmented units. However, the sjmultanaous
gating observed in cach of the quadrants is encouraging
and this expariment is being repeated vith two new
MCPTs, one nonserneantcd, ona wich three sectors,
Intensity profiles for cross hair MCPTa whiowed high-
est transaission near both the apexes of quadranfs two
and four. In Fig. 9 profiles slong three paths chrough
the vartices of quadrant twc verify the higher trans-
mission in areas neareast the croes hair intarcepca.
The extent of this problem {s beink studied.

[LN-100}+{ LN-102

N
COLLIMATER v

LENS

GATE DELAY =28 TO IOOm
LIOHT DELAY=30ns

Fig. 3.

The dynamic shutter ratio experimental setup.
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VII. Infrared Stimulstion for Improved Photoconducci-
vity

Using infra red light to i{mprove gating speed by in-
crensing photocathode conductivity Juring the optical
gate vag explored. The bandgap for S-20 {e = leV and

the photoelectric emiswvlon threshhold (s = 1.5¢V[8].
To excite valence alectrons across the bandgap into the
conduction band without inducing photoemission requiras
radiation > laV (1240nm) and < 1.5 eV (B30rm). A wiam-
ple expression was developed (9] to astimata (1) the
required carrier concentrations and lifstimes to pro-
duce a diecarnable reduction in §-20 eheat rasistance
and (2) the required optical energy to produce the ex-
citation.

Our first experiment used a X enon flash (filcered
to transmi{t all wavelengths > 8)0nm) of about 2us width

that produced = 230 H/cn2 at the MCPT photocathoda,
The total optical enargy available for excitation wvas

" 0.5mJ. The excitation oulas wam tima:-ohased to ovar-
lap & much narrowar (180 ps FWHM) light from an 820nm
pulaed lasar diode uaed to maasure the oncical eate

widtl,,
0.3uJ.

The excitation enargy during gate time wam «
No increases in gating speed were observed.

Our second exparimenc, shown in Pig. 10, usmed & Q-
switched Nd:YAG laser (1060nm, = 70na FWHM, L6OPPS)
for excitation and a dye laser [1,2] (630nm, * 20ps
FWHN, 180PPS) for the vistble source. Both laseru and
the gate generstor were synchronized and phased to cen-

Iris-free response for SITV 8N-Cl1937

ter the gatea aud visible pulses within the excitation
pulse. The YAG paak power {incident on the full

491 am’ of the photocathoda was 470 watts. This pro-
vided = 33uJ total with again ® 0.5uJ during gate time
but with mono-energetic photons (1.17e¢V). Thie axci-
tation did not improve gating speed. Wa than concen-
trated the YAG light in a spot = J-mm—-dismeter produ-

cing power density ¥ J4 H/-?.

The phasing batween Lha dye lasar and the alectrical
gate vas sdjusted to "freeze'" the optical gate in its
turn=-on | ' v8e where irising was vieible (Pig. 11).

The YAG light was positioned to intervapt the edge of
the iris vhere ve expacted to see bulges corresponding
to increased gate voltage propagatirm velocity induced
by the infrared illuaination. No pertubations weras
observed in the iris indicatirg negligible photo-in-
duced conductivity. With the latter uxcitation our
calculactions (10] show that if the product of carrier

mobility and Lifecime were > 2.5x10 'cm?/volt an fo-
creace {n {rie propagation rate should have bean ob-
served.

IX. Gatae Drlviﬁ; Techniques

Several gate pulsers and pulse injection wathods
were described in earliaer vork [?7]. To date, the fun-
damental limitation has been in properly matching the
gata generator vith the gate incerface. Consequently,
axensive ringing and pulese width dispersion result
wvhen the tvo ars electrically connected and driven with
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Fig. 10. Setup for the infrared stimulaticr studiaen.

short risatime (100ns to 1ns) pulses. To a firsc ap-
proximation, the jate inter{acae is a capacitor that
does not terminate any transmission line proparly. It
10 a "matched” load only st w -(1/O|Z°[vh¢re Z 1s

the characteristic impedance of the line. For 25-mm-

diameter SITVe (C % 3.5pf) driven with Gaumsian pulse

of 7 100ps risecime, |2 | » 130i. For each sactor in a
o

4 quadrant tube ]z°| = 3,25Q.

Ve arm currantly testing high frequency 350:12.50 {m-
pedance tranformers made by Avtech. Preliminary tesc
regulte show that & 150-ps-wide pulse on the primary la
wvidened to J00pa on the secondary. The small signal
(= 2V on primary, lV on secoendary) and large signal
(w 200V as primary, 100V on secondary) responses are
idantical, showing no aaturation effacts at tha higher
voltages. Ttaese are to be used as single point
drivers for SITVe or smultipoint for the higher impa-
dance MCPTs.

For mulripoint driving of segmentad SITVa we have
‘used mmtched power dividers to split the iine into n
parallal 50-01 lineas (each driving the tube) such that
50/n =|Z°|. The current version of this netwvork whare

n=12, for |ZD:'ﬁ.Zﬂ hae baen tested using & TDR. The
bust risetive obtained fs 300 ps.
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